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Open reading frame ssr2016 encodes a protein with substantial sequence similarities to PGR5 identified as a component of the antimycin A-sensitive ferredoxin:plastoquinone reductase (FQR) in PSI cyclic photophosphorylation in Arabidopsis thaliana. We studied cyclic electron flow in Synechocystis sp. PCC 6803 in vivo in ssr2016 deletion mutants generated either in a wild-type background or in a ndhB deletion mutant. Our results indicate that ssr2016 is required for FQR and that it operates in a parallel pathway to the NDH1 complex. The ssr2016 deletion mutants are high light sensitive, suggesting that FQR might be important in controlling redox poise under adverse conditions. Keywords: Antimycin A -Ferredoxin quinone reductasePhotosystem I cyclic electron transport -ssr2016 -Synechocystis sp. PCC 6803.
Abbreviations: AA, antimycin A; FQR, ferredoxin:quinone reductase; NDH1, NAD(P)H dehydrogenase type 1; NPQ, non-photochemical quenching; PQ, plastoquinone; SDH, succinate dehydrogenase; WT, wild type.
Photosynthetic electron flow in oxygenic photosynthesis occurs in two modes: linear (or non-cyclic) and cyclic (Tagawa et al. 1963) . Cyclic electron flow involves the movement of electrons around PSI and drives the formation of ATP through the production of a proton-motive force, without the net production of reduced ferredoxin or NADPH (Bendall and Manasse 1995 , Allen 2003 , Munekage et al. 2004 ). Next to cyclic photophosphorylation, acidification of the lumen during cyclic electron flow has also been suggested to play a role in the photoprotection of PSII by activating the qE component of non-photochemical quenching (NPQ) during the onset of illumination in chloroplasts (Heber and Walker 1992 , Munekage et al. 2002 . The pathways by which electrons are cycled back into the plastoquinone (PQ) pool in the thylakoid membrane from the acceptor side of PSI are still unclear. Current models suggest that the NDH1 complex is involved in the NAD(P)H-mediated reduction of the PQ pool, and probably acts in a parallel route to the so-far uncharacterized ferredoxin:plastoquinone oxidoreductase (FQR) (Jeanjean et al. 1999, Peltier and Cournac 2002) . The FQR pathway proposed to connect ferredoxin and PQ was solely characterized by its sensitivity for the electron transfer inhibitor antimycin A (AA) (Cleland and Bendall 1992, Bendall and Manasse 1995) . The existence of an AA-sensitive pathway for cyclic electron flow was also reported in cyanobacteria (Mi et al. 1992 .
A major breakthrough in dissecting the AA-sensitive FQR pathway has come with the recent identification of the pgr5 mutant of Arabidopsis thaliana (Munekage et al. 2002) . This mutant, identified in a chlorophyll fluorescence-based screen of an impaired development of the qE component of NPQ, was shown in vitro to lack the AA-sensitive ferredoxin-mediated reduction of the PQ pool. Munekage and colleagues concluded that PGR5 was vital for FQR activity and that this process was important for maintaining a suitable trans-thylakoid pH gradient to engage qE quenching under conditions where NADP + is limiting, as predicted by Heber and Walker (1992) , and for keeping the stroma and the acceptor side of PSI sufficiently oxidized to minimize damage to PSI via reactive oxygen species.
The N-terminus of the PGR5 in Arabidopsis resembles a hypothetical protein from the Synechocystis sp. PCC 6803 genome encoded by the open reading frame ssr2016. Our interest in ssr2016 stemmed initially from microarray experiments that indicated that the transcript level of ssr2016 was up-regulated after exposure to 0.5 M NaCl. To investigate the potential role of ssr2016 in cyclic electron flow around PSI, we describe here the properties of ssr2016 deletion mutants in either wildtype (WT) Synechocystis or the ndhB strain, M55, which lacks a functional NDH1 complex (Ogawa 1991) .
Cyclic electron flow was studied by pulse amplitude-modulated measurement of changes in reflectance at 820 nm, typical for P700 in the reaction center of PSI. We monitored the kinetics of reduction of oxidized P700 (P700 + ) after switching off the actinic light. The reduction occurs by electrons that flow from the cytoplasm through the cytochrome b 6 f complex and via plastocyanin (or cytochrome c 6 ) back to P700 + . The kinetics observed for SM2016 were similar to those of the WT (Table  1 ). In the M55 mutant, electron transfer was almost three times slower than in the WT, and the rate in the double mutant DM55-2016 was about 6-fold slower than in the WT. In the WT, addition of AA had only a minor effect on the rate of P700
+ re-reduction, whereas in M55 the inhibition resulted in a 2-fold decrease. In contrast, P700
+ re-reduction was insensitive to AA in both SM2016 and DM55-2016.
Representative traces for WT, M55 and DM55-2016 obtained in photoacoustic spectroscopy are displayed in Fig. 1 . The WT shows a typical in vivo photo-thermal signal generated by cells deposited on a nitrocellulose filter and irradiated with modulated far-red actinic light. Addition of strong nonmodulated light to the modulated light beam saturates PSI photochemistry, causing a noticeable rise in the photoacoustic signal. Energy storage was 14% in the WT and SM2016, and 6% in M55 (Fig. 1) . Only a small fraction (<3%) of the absorbed far-red light was used for photochemistry in M55 in the presence of AA; similar low energy storage was observed in DM55-2016 that lacks the AA-sensitive pathway (Table 1) .
At high light intensity, growth of the WT was 10% slower than at intermediate light intensity and for M55 20%, but the ssr2016 inactivation mutants were more affected (Table 2) . At low light intensity, the WT and the M55 mutant displayed a lower growth rate than at intermediate light. In contrast, both ssr2016 inactivation mutants grew best at low light intensity at a rate comparable with WT and M55, respectively.
The thylakoid membrane of cyanobacteria contains both photosynthetic and respiratory electron transfer chains that share PQ at a central position (Fig. 2) . Electron transfer into and out of the PQ pool appears to be mediated by a number of protein complexes. In cyanobacteria, this number is likely to be bigger than in chloroplasts. In one pathway, which is conserved in chloroplasts, electrons are transferred to PQ via the NDH1 complex, possibly using NAD(P)H as the electron donor (Ogawa 1991 , Mi et al. 1992 , Ravenel et al. 1994 . The rate of respiration and cyclic electron flow around PSI in the M55 ndhB deletion mutant of Synechocystis are both strongly decreased, suggesting that NDH1 participates in both of these bioenergetic pathways in cyanobacteria (Ogawa 1991 , Mi et al. 1992 . Besides NDH1 and FQR (Bendall and Manasse 1995) , several lines of evidence suggest the existence of other pathways for PSI-mediated cyclic electron flow in cyanobacteria Table 1 Electron flow rates from donors in the cytoplasm to pre-oxidized P700 (P700+ reduction) and of light energy storage in PSI cyclic electron transfer Antimycin A (AA) was added at a final concentration of 20 µM. Data are shown as the mean ± SD of three independent experiments. For measurement of the half-time of P700 reduction, samples corresponding to about 25 µg Chl a were deposited on water-retaining filters (Whatman type GFC) by vacuum aspiration (Hagemann et al. 1999 . The half-time was calculated from the difference between the time that the far-red light was switched off and the time at which the absorbance corresponding to (A max -A min )/2 was reached. 1830 ± 190 1770 ± 180 4.1 ± 1.5 3.9 ± 0.1 Fig. 1 Photoacoustic signals generated by filter-deposited WT, M55, M55 + AA and DM55-2016 cells. The wavelength of measuring light was specific for PSI (>715 nm), the modulation frequency was 11 Hz and the intensity 30 W m -2 . Upward-pointing arrows indicate switchon of saturating far-red light (320 W m -2 ).
( Fig. 2) . A role for succinate dehydrogenase (SDH) activity in PSI cyclic flow was advocated (Cooley et al. 2000) . Absence of turnover of NADPH in M55 would also at the same time inhibit SDH activity by limiting succinate availability (Cooley and Vermaas 2001) . Flavodoxin (Hagemann et al. 1999 ) and ferredoxin-NADP + reductase , Matthijs et al. 2002 may act cooperatively in a fourth pathway for PSI cyclic flow in Synechocystis and are in part induced by environmental conditions. Recently, Ycf33 has been shown to play a role in binding of FNR to the thylakoid membranes (Ohtsuka et al. 2004) .
The clear inhibition of PSI cyclic electron flow by AA in M55 and a similar inhibition without AA in DM55-2016 strongly indicate that the product of ssr2016 is involved in the AA-sensitive FQR pathway. Single knock-out of ssr2016 renders no clear defects in electron transfer, which is due to the fact that other parallel routes probably replace the full capacity lost (Fig. 2) . The effect of the lack of Ssr2016 becomes evident in DM55-2016, where the NDH1 and SDH routes are absent. This observation suggests that ssr2016 does not participate in the NDH1 (SDH) pathway but instead operates in a parallel pathway, and additionally that the in vivo electron flux via FQR seems small relative to the NDH1 (SDH) routes. Whether ssr2016 regulates FQR activity or is directly involved remains unresolved at this point.
The observation that the SM2016 mutant at low light intensity showed a growth rate similar to WT might mean that the role of Ssr2016 is not important at that light intensity. This suggests either that functional complementation of cyclic electron flow pathways exists (flavodoxin, FNR and Ycf33) or that the FQR route in PSI cyclic electron flow is not a major contributor to cyclic photophosphorylation. The participation of Ssr2016 in FQR-mediated cyclic electron flow in Synechocystis thus may mostly have a regulatory (redox balance) function, whereas the cyclic electron transport pathways through NDH1 or SDH that are coupled to metabolism and perform PSI cyclic electron flow in a strict sense indirectly primarily assist in additional ATP synthesis via cyclic photophosphorylation. Ssr2016 function may thus be most notable under conditions that provoke a high NADPH to ATP ratio, such as at high light intensity, when electron sinks are limiting. This was supported by the observation that ssr2016 expression is strongly induced in response to high light intensity . Salt stress also induced ssr2016 (Kanesaki et al. 2002, Yeremenko, N. , Krasikov, V., Huisman, J., Kaneko, T., Tabata, S., Vermaas, W.F.J. and Matthijs, H.C.P., unpublished). The overall response to salt stress as determined by gene array analysis (Marin et al. 2003 ) has led to the idea that histidine kinase 33 acts as a major global response transmitter for redox imbalance. Inspection of unpublished data showed that the expression of ssr2016 is under control of this histidine kinase (M. Hagemann, personal communication).
Materials and Methods
Growth of Synechocystis sp. PCC 6803 WT and mutants cells was in liquid culture at 30°C in rich mineral medium (Allen 1968 ) at a light intensity of 50 µmol photons m -2 s -1 in a rotary shaker incubator in air supplemented with 3% CO 2 . The M55 parental strain was grown in the presence of 50 µg ml -1 kanamycin, and the SM2016 deletion strains were grown with 50 µg ml -1 spectinomycin.
Mutants were created using standard molecular cloning methodology. A construct (pSM2016) with a cassette conferring resistance to spectinomycin to interrupt open reading frame ssr2016 between codons 42 and 43 was used to transform Synechocystis sp. PCC 6803 (WT) and the ndhB -(M55) strain resulting in SM2016 and DM55-2016, respectively. Complete segregation of mutants was confirmed by PCR. A potential polar effect of the insertion mutagenesis was found to be absent by reverse transcription (RT)-PCR analysis of the region between ssr2016 and the 3′-adjacent gene, slr1208. On the one hand, no presence of transcription of the intergenic region has been observed; on the other hand, the transcript abundance of slr1208 was similar with and without interruption of ssr2016. From this it was concluded that slr1208 appears to be transcribed independently from ssr2016 (data not shown).
Photochemical energy storage in far-red light was measured according to established procedures (Ravenel et al. 1994 , Hagemann et al. 1999 ). Cyanobacterial cells from 5 ml of culture were deposited on a nitrocellulose filter (Millipore SCWP01300, 0.8 µm) by slow vacuum aspiration to give a homogenous and fully covering layer. The filter was mounted in an airtight photoacoustic spectrometer measuring cell and illuminated with 30 W m 2 far-red light (>715 nm) modulated at 11 Hz. That light is in part absorbed for PSI cyclic photochemistry and the remainder is released as heat. The latter gives rise to expansion of the gas phase above the sample, which is recorded by a microphone tuned at 11 Hz. Monitored air pressure changes result from the light energy that is not used in PSI cyclic photochemistry. More heat release means less activity. If PSI photochemistry is saturated with strong continuous far-red light (>715 nm, 320 W m 
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